The aim of this study is to investigate the viability of implementing bio-oil co-processing in an oil refinery.
INTRODUCTION
Most liquid fuels currently in use are derived from fossil hydrocarbons. Typically, vehicles are powered by internal combustion engines propelled by gasoline and diesel. In 2015, the total world liquid fuel consumption was around 94 million barrels per day, a volume that is expected to rise to 97 million in 2017 (Energy Information Administration, 2016). There are several concerns associated with the use of fossil fuels, including availability and environmental issues, which prompt the search for new alternative sources of energy to replace them. According to Rudolf Diesel, the use of vegetable oil as a fuel has drawbacks due to its unfavorable properties, notably viscosity, which can lead to engine wear, poor combustion, and high emission levels. These negative characteristics have motivated research that aimed at finding other compatible fuels (Misra & Murthy, 2010; Bergthorson & Thomson, 2015) . Liquid fuels obtained from biomass (i.e. bioethanol, biodiesel, and biogasoline), known as biofuels, are considered sustainable energy sources and being probably the best candidates to replace fossil fuels (Bergthorson & Thomson, 2015) .
Bioethanol has been used to power vehicles for some time, demanding modifications to the engine and other parts. Nowadays, in Brazil, almost every new car is able to run on both gasoline and bioethanol. However, since the bioethanol is usually made from starch or sugar, it creates concerns. The fuel production competes with the food industry for the crops that are used for food supply which can lead to food price increases. Thus, the investigation of non-edible fuel sources is of great interest (Demirbas, 2011; Adewale et al., 2015) . In the production of bioethanol from nonedible sources, known as "second generation bioethanol," lignocellulosic materials (i.e. cereal straw, sugar cane bagasse, and forest residues) generally are used (Scaife et al., 2015). However, making second-generation bioethanol economically viable still presents a considerable challenge (Demirbas, 2011; Aditiya et al., 2016).
Alternatively, the thermal cracking process offers a promising opportunity to convert biomass into liquid fuels and chemicals. Basically, the biomass is subjected to high temperatures (around 500°C), in the absence of oxygen, with or without the aid of catalysts, to promote the decomposition of organic compounds into three streams: bio-oil, bio-gas, and coke. Although undesired products are generated, thermal cracking can be managed to produce greater fractions of the desired products Despite the numerous research studies carried out in this area, barriers associated with the design of an industrial plant to produce exclusively this type of biofuels still hinder its economic viability (Maity, 2015) . It is clear that a large investment would be needed to design new structures and create an achievable market for biofuels. One way to avoid this capital investment in new structures is to use an oil refinery to produce compatible fuels from bio-oils (Maity, 2015; Hassan et al., 2015) . In this context, the development of a product that is similar to petroleum would be the easiest way to insert biofuels into the existing refinery infrastructure (Ringer et al., 2006).
Most refineries can receive petroleum from different origins, thus, with properties that might differ slightly. In addition, some units in the refinery (i.e. fluid catalytic cracking, delayed coking, and hydrocracking units) give flexibility to the refining. Furthermore, because the refining process has passed through several modifications over the years, due to changes in product specifications or environmental concerns, such as operations to reduce the sulfur content of products and to replace octane-boosting, facilitates the development of new methods for bio-oil processing in a standard petroleum refinery (Walls, 2010).
However, a carefully analysis is required to identify all of the changes that are necessary to enable the co-processing of a bio-oil blend in a standard oil refinery and produce biofuels that adhere to current regulations. Each type of fuel is regulated by various specifications and standard parameters to ensure its quality and safety. The Reid vapor pressure (RVP), the distillation curve, the sulfur and oxygen contents, and the acid index (AI) are parameters that affect engine operation and gaseous emissions directly (Rodríguez-Antón et al., 2015). Any potential modifications should maintain or improve the product characteristics. The co-processing of bio-oil and petroleum in an oil refinery could offer a chance to increase biofuel production while maintaining the fuel quality standards. In addition, this would reduce society's dependence on liquid fuels from fossil sources, as bio-oil would become part of the refinery's feedstock. This paper addresses the viability of bio-oil coprocessing in an existing oil refinery infrastructure, presenting some properties of petroleum and biooil produced by the thermal cracking of triacylglycerols (TAGs).
PETROLEUM AND BIO-OIL
Currently, fossil hydrocarbons are the principal material source for the production of liquid fuels and petrochemicals. The main hydrocarbons (HCs) in crude oil are aliphatic and aromatic compounds. Some HCs contain heteroatoms (sulfur, nitrogen, oxygen, and metals) forming asphaltenes and resins (Roussel & Boulet, 1995) . Crude oil is extracted from different areas around the world, and the physical and chemical properties of oil vary according to its origin (Fahim et al., 2010) . To safeguard the entire refining process, it is necessary to ascertain crude oil properties, such as API gravity, distillation curve, kinematic viscosity, pour point, AI, and water content. The API gravity is used to measure petroleum density. In fact, this value is the main factor in setting oil prices (Fahim et al., 2010). Distillation curves are used to measure the volatility of a hydrocarbon mixture, plotting the boiling temperature against the distilled volume fraction (Ott et al., 2008) . The distillation curve is the start point for predicting several physical properties of the oil (Fahim et al., 2010). The oil viscosity, along with the pour point, which is the lowest temperature at which the crude oil would flow, is another property required for its classification. It is also an indicator of the difficulty involved in pumping the oil.
Crude oils are also classified by their sulfur content, which is possibly the main petroleum contaminant. In general, the terms 'sweet' and 'sour' are applied in an oil refinery for a quick reference to the sulfur content. If an oil contains less than 1% sulfur it is referred to as sweet and when this value is greater than 1% it is considered as sour (Fahim et al., 2010) . The oxygen content of crude oil is usually under 2 wt.% and this element can be present in innumerous forms (i.e. alcohol, carboxylic acids, and ketone). Oxygen can bring an acid character to the oil, which can lead to processing problems (Quelhas, 2012).
Bio-oil, a dark brown liquid, is a mixture of hydrocarbons of different chemical groups with molecules of varying size. It is primarily derived from depolymerization and fragmentation reactions that occur during thermal cracking. This technique is becoming progressively popular due to its simplicity and the possibility to directly increase liquid fuel production ( As an alternative to LCs, biomass based on fats and vegetable oils can be used for bio-oil production. This type of biomass is known as triacylglycerol (or triglycerides) and it is composed of one mole of glycerol and three moles of fatty acids (Demirbas, 2009). The use of TAGs for fuel production also raises issues related to competition between food market and fuel. Several feedstocks for bio-oil production are comprised of edible vegetable oil, which brings some concerns related to land use for fuel instead of food. This could have an adverse effect mainly in the least developed countries, decreasing the food supply. However, it is possible to obtain similar results for bio-oil produced from non-edible oils ( Based on data available in the literature, it is possible to compare the physical and chemical properties of fossil oils and bio-oils (Table 1 ) and the density values are relatively similar. The range of viscosity values reported for bio-oils lies within the range observed for fossil oils. The sulfur content of bio-oils should be highlighted due to its low value when compared to fossil oils. The pour point is generally lower for bio-oils, although in some cases the values for petroleum are even lower. The acid index of bio-oils is higher than that of fossil oils and is too high for processing bio-oil in an oil refinery, due to the corrosion potential. The iodine index is shown only for bio-oil, as petroleum does not have a significant content of olefins. The water content is higher in bio-oils, although it is still relatively low. While carbon and hydrogen contents are similar to both, bio-oil has lower nitrogen content and higher oxygen content. For the hydrocarbon groups, the aliphatic and aromatic contents are higher in the bio-oil. The amount of oxygenated compounds is higher in bio-oil while the same content in fossil oil is considered insignificant. The bio-oil data available in the literature also considers the presence of unknown compounds, which are not mentioned on the petroleum datasheet.
TAG THERMAL CRACKING UNIT
A TAG thermal cracking unit, regardless of the feedstock or the reactor design, can be designed according to the scheme shown in Figure 1 . Essentially, the main part of the unit is the reactor, which will produce bio-oil, bio-gas, and coke. According to Wiggers et al. (2017), the thermal cracking of TGA yields an average of 63.2% of biooil, 28.7% of bio-gas, and 8.1% of coke.
The main operational variables of the reactor are temperature and residence time. These parameters directly affect the characteristics of the products: the use of higher temperatures and longer residence times enhances the cracking 
(2011).
A stronger reaction process also increases the formation of aromatic compounds and coke, which can be noted in the proposed reactions schemes.
Indeed, the thermal cracking step favors a better co-processing of bio-oil than pure vegetable oil. Ng et al. (2015) reports that the co-processing of canola oil in a fluid catalytic cracking (FCC) unit can result in a lower liquid yield and higher contents of CO and CO 2 in the gas fraction of the FCC. Alternatively, Gomes et al. (2007) suggests that vegetable oil is fed into the hydrotreatment unit together with diesel oil. This alternative deals with the oxygen content in the vegetable oil, but higher amounts of hydrogen are required in the hydrotreatment unit.
When TAG sources are cracked in a thermal cracking reactor prior to the treatment, most of the oxygen atoms are removed during the formation of CO and CO 2 . These compounds comprise part of the bio-gas formed in the reactor and, even though they are not desirable for co-processing, the biogas produced is important to the functioning of the unit. Due to its composition (mainly short hydrocarbons) and high HHV, TAG can be used as a fuel for the burner, providing the main source of thermal energy required for the reaction. Table 2 shows the average composition of bio-gas reported in several publications in the literature. Based on this data it is possible to assume a HHV of around 40 MJ.kg considering other identified compounds. However, other important compounds, such as propene and butene, are also present in the gas fraction. Ethene is also an important feedstock for petrochemicals and its high content in the biogas fraction should be highlighted.
Besides bio-oil and biogas, coke is also formed as the solid fraction in the reactor. This is associated with clogging and, thus, it must be removed from the reactor (Yang et al., 2013) . Controlling the burning process in the heated reactor, using air instead of biomass, allows the combustion and removal of the coke (Wiggers et  al., 2017) . Another approach is to design the reactor in such a way that the coke fraction can be used to produce thermal energy for the reaction, as in the case of a FCC unit, or apply the heat carrier concept (Barros et al., 2008) .
Despite its similarity to crude oil, TAG bio-oil has a higher AI, a high content of olefins, and a presence of oxygenated compounds. In an oil refinery, olefins appear in the FCC and delayed coking (DC) units but, after fractioning, hydrorefining units reduce their levels. Since fuels derived from bio-oil contain olefins, they can be processed in the hydrorefining unit together with fossil fuels. The high content of renewable olefins also can provide an important feedstock for the chemical and petrochemical industry (Sadrameli & Green, 2007).
The oxygen can also be removed in the hydrotreatment process. Here, it is important to highlight that most of the oxygen atoms from the parental triglyceride molecule are removed in the formation of CO and CO 2 in thermal cracking reactions, considering the insignificant amounts of other oxygenated compounds in the gas phase. This suggests that after the oxygen removal, other compounds in the C1-C4 range are formed (Idem  et al., 1996) . The oxygen removal will reduce significantly the hydrogen consumption in the hydrodeoxygenation reactions that can occur in the hydrotreatment unit.
On the other hand, higher acid values are unacceptable in a refinery because of the potential for infrastructure damage due to corrosion (Quelhas, 2012). Thus, it is also necessary to consider a neutralization unit to upgrade the bio-oil and make it suitable for processing using the equipment in the refinery. The reduction or neutralization of acidity can be achieved using potassium or sodium hydroxide, or via an esterification reaction using methanol or ethanol 
BIO-OIL CO-PROCESSING
An oil refinery is a complex site with several units where crude oil is turned into valuable hydrocarbons. It can be designed to deliver three main products: fuel, lube oil, or feedstock for the petrochemical industry (Fahim et al., 2010) .
In a modern refinery for fuel production, there are three major processes: physical separation, chemical conversion (thermal and catalytic), and treatment. Physical separation fractions crude oil and other streams using properties such as boiling point and solubility, aiming to prepare them for further processing. The main operations of physical separation include the distillation and liquid-liquid extraction (solvent deasphalting and solvent extraction). While physical separation does not involve chemical changes, in thermal and catalytic reactions it transforms heavy streams of the refinery into valuable hydrocarbons. Thermal conversion processes (i.e. DC, flexicoking, and visbreaking) are used to upgrade vacuum residues. In catalytic conversion, the catalysts are used to promote the chemical reactions. It offers some advantages over thermal conversion, notably allowing a wider variation in the feed composition. However, both feed and catalyst must be compatible to avoid excessive coke formation and catalyst deactivation (Speight, 2013). Examples of catalytic conversion processes are catalytic reforming, hydrocracking, and FCC. Lastly, treatment processes are designed to remove impurities from petroleum fractions. Hydrotreating is one of the major processes used for this purpose. It removes impurities such as sulfur, nitrogen, oxygen compounds, chloro compounds, waxes and metals. The saturation of olefins in the fractions derived from FCC and DC is also performed in the hydrotreatment. Regarding the thermal conversion processes, DC plays an important role in this study. It involves the thermal cracking of the vacuum residue, which is usually contaminated with high levels of sulfur. In this process, high temperatures (around 485°C) and short residence times are applied to produce light products (gases, gasoline, and gasoil); coke is produced as a co-product. There are three types of coke: sponge, shot, and needle (Fahim et al.,  2010) , the latter being a desirable product (Quelhas, 2010) .
In relation to the chemical conversion processes, the FCC unit is one of the major and most important components of the refinery. The FCC unit produces mostly gasoline, but also some gasoil and refinery gases. The main active component of the catalyst used is a zeolite, which is responsible for the cracking process. In general, some coke is generated, which remains deposited on the catalyst. A regeneration section is required to burn off the coke and to allow the heated catalysts to be reused (Vogt & Weckhuysen, 2015).
Based on the information above, Figure 2 shows a scheme indicating three possibilities for the insertion of upgraded bio-oil in a standard oil refinery. As mentioned, the bio-oil properties are similar to those of petroleum. Lower sulfur content is clearly an advantage, while the drawbacks are associated with a high acid index and high amounts of olefins and oxygenated compounds. Considering that the neutralization process decreases the acid index, this paper proposes three co-processing routes: (1) insert the upgraded bio-oil with the crude oil before the atmospheric distillation unit; (2) in the fractionator of the FCC unit; and (3) in the fractionator of the DC Unit. The co-fed of upgraded bio-oil in the hydrotreatment unit was not considered due to its wide range boiling point.
Option 1 considers inserting the upgraded biooil in the crude oil at the beginning of the oil refining process, in the atmospheric distillation unit. This option would allow a larger amount of upgraded bio-oil to be inserted compared with options 2 and 3; however, the differences in the distillation behavior due to the presence of olefins in the upgraded bio-oil must be evaluated, since this will change product composition.
Option 2 proposes the insertion of the upgraded bio-oil in the FCC unit, specifically in the fractionator column, see Figure 2 . Usually, olefins are present in the FCC products obtained from crude oil processing (Sadeghbeigi, 2012) and, therefore, their presence in the upgraded bio-oil is not a barrier to this option.
Alternatively, option 3 considers the insertion of upgraded bio-oil in the delayed coking unit, and also in the fractionator. As seen in Figure 2 , with this option the quench oil can be substituted. Because the DC feedstock is contaminated with sulfur, it can lead to low quality products. The insertion of the upgraded bio-oil at this point could reduce the overall content of sulfur. Nevertheless, all streams derived from the FCC and DC fractionators need to pass through a hydrotreatment to reduce sulfur and olefins content. The oxygenated compounds could also be reduced in this step.
There are still some challenges to overcome before the bio-oil co-processing in the oil refining process can be performed. First, the AI needs to be reduced in a neutralization step to obtain the upgraded bio-oil, with reactive distillation being an option, as performed by The reactor design and kinetics are also challenges related to obtaining viable operation procedures for TAG thermal cracking. These are usually related to the scale-up of reactor designs to industrial capacity with the development of reliable kinetic models to aid scale-up techniques. However, thermal cracking involves hundreds of simultaneous reactions, making it hard to propose a realistic kinetic model. Also, although some data are available in the literature ( , a great amount of research still needs to be carried out on thermal cracking kinetics. In addition, considering the high content of unknown compounds, the chemical characterization of bio-oil needs to be improved.
In the case of Option 1, the distillation unit does not receive a feedstock with a high olefin content, since, generally, olefin levels in petroleum are low. It is also necessary to considerer the presence of esters from carboxylic acids, produced in the neutralization unit. Thus, one must evaluate the new operational conditions with an upgraded biooil blend.
The fractionators of the FCC or the DC unit could deal with this high content of olefins in the bio-oil. However, the upgraded bio-oil must have compatible acidity levels.
The hydrotreatment process applied to bio-oil also requires further investigation. The saturation of the olefins in upgraded bio-oil could increase the exothermic reactions resulting in difficulties related to temperature control. Also, the hydrogen consumption in the hydrodeoxygenation reactions applied to remove oxygen compounds from upgraded bio-oil needs to be evaluated.
CONCLUSIONS
The joint processing of thermal cracking bio-oil and petroleum in a standard refinery appears to be one of the best ways to stimulate the use of bio-oil. Considering that most parts of the refinery would operate in a manner similar to that applied in petroleum refining, the need for intensive capital investment to build new industrial plants can be avoided. In addition, bio-oil from thermal cracking of triglycerides has properties, such as low sulfur content, that are of interest in relation to the refining process. On the other hand, the high acid index, the high content of olefins, and the presence of oxygen require special treatment. The challenges associated with this joint processing should be the target of new research studies to explore the potential for implementing this strategy at existing refineries.
